The digestive system of first stage Argulus japonicus larvae is described following reconstruction from serial sections. The morphology of the digestive tract is similar to adult branchiurans. It consists of an esophagus, esophageal funnel, anterior midgut (crop), midgut diverticula, posterior midgut (intestine) and a hindgut. However, the epithelial cells lining the midgut of newly hatched larvae contain large amounts of yolk. The midgut diverticula are less ramified than in the adult and arise from the anterior midgut as two main arms which branch anteriorly and posteriorly into the carapace. The posterior midgut is lined with large swollen cuboidal epithelium with large vacuoles and a ciliated border, whereas the adult posterior midgut is lined by large papilliform cells. Argulus japonicus larvae survive a day after hatching without nutrition from a host. First stage larvae feed mainly on host epithelial cells and mucus. There was no blood observed in the lumen of the digestive system.
INTRODUCTION
Argulus japonicus Thiele, 1900 is a crustacean ectoparasite of fish. Its introduction into South Africa through the importation of carp and goldfish has resulted in nearepidemic infestation of A. japonicus on endemic fish species in the Vaal River system (Kruger et al., 1983) . AvenantOldewage (2001) later reported that the parasite had been transferred to another river system (Olifants River system) and the prevalence of A. japonicus in this river system was also very high. The success of A. japonicus in South African river systems is due to its opportunistic nature and the warmer temperatures in this country on which the parasite is dependant for its reproduction (Shafir and Van As, 1986) . Despite the threat that Argulus poses to fisheries and natural systems, past research during the 20th century focused little on crustacean parasites (Walker et al., 2004) . Consequently, our understanding of these parasites has been delayed and there is a lack of knowledge in some areas (Walker et al., 2004) . Specifically knowledge is lacking concerning the anatomy, histology, and physiology of branchiurans. Since the feeding appendages and digestive system play a significant role in causing pathogenic effects, future research could include these aspects. The literature on the anatomy and histology of the adult branchiuran digestive system is scant when compared to the information available on morphology, ecology and development since most researchers focused on these aspects (Wilson, 1902 (Wilson, , 1904 Tokioka, 1936; Meehan, 1940; Fryer, 1956; Stammer, 1959; Shimura, 1981; Rushton-Mellor, 1994; etc) . However, Jurine (1806) , Thorell (1864) , Claus (1875) , Leydig (1850) and (1889), Wilson (1902) , Thiele (1904) , Grobben (1908) , Martin (1932) , Debaisieux (1953) and Madsen (1964) have provided descriptions regarding the digestive system of adult Argulus. Most of the authors mentioned above provided anatomical information on the digestive system of Argulus foliaceus. However, with regards to the histology, only Grobben (1908) , Martin (1932) , Debaisieux (1953) and Madsen (1964) gave figures and descriptions. In the case of the genera Dolops and Chonopeltis, Maidl (1912) and Avenant-Oldewage and Van As (1990) described the anatomy and histology of the digestive system of the species Dolops ranarum and Avenant-Oldewage et al. (1994) described the anatomy and histology of the digestive system of Chonopeltis australis. Previous researchers reported that the anatomy and histology of most adult branchiuran members are similar to each other.
As far as the larvae are concerned, information on the morphology, anatomy and histology is far more scant than that of the adult. Leydig (1850) and Claus (1875) provided anatomical descriptions of the larval digestive system. Both researchers reported that the structure of the larval digestive system is very similar to the adult. Claus (1875) described the digestive system having two large intestinal protrusions on the sides of the stomach intestines that split anteriorly and posteriorly within the carapace. He also reported the presence of egg yolk in the digestive tract. In the case of Dolops also, information on the larval digestive system is not available and the structure of the larval digestive system of Chonopeltis was briefly commented on by Fryer (1956) . Previous descriptions on the digestive system were based on whole mounts only and this is the first known study to deal with the digestive histology of larval Argulus. A. japonicus was chosen as the study subject due to their abundance in South Africa.
A detailed description of the anatomy and histology of the Argulus larval digestive canal is given. The histological information available on A. foliaceus is compared to the results gleaned from larval A. japonicus. Comparisons are also made between other branchiuran species and their larvae.
MATERIALS AND METHODS
Adults of the fish ectoparasite Argulus japonicus were collected from the yellow fishes Labeobarbus aeneus and L. kimberleyensis in the Vaal Dam. The parasites were also found on other species of fishes. The Vaal Dam is located in the Vaal River system between the provinces of the Orange Free State and Gauteng, Republic of South Africa. The live specimens were allowed to copulate and lay eggs. After hatching, larvae were fixed in an acetic acid alcohol formaldehyde solution and preserved in 70% alcohol, and another group was put into a small fish tank with goldfish, Carassius auratus, while the remainder was left in the glass bottles without any nourishment for observations. The larvae with the goldfish were allowed to attach to their hosts to feed and grow. Samples of each juvenile stage, as demarcated by Tokioka (1936) were collected and fixed. Following fixation, specimens were dehydrated in acetone and infiltrated with a low viscosity aliphatic epoxy resin. Serial sections at 5 lm were obtained and stained with azan solution (Romeis, 1968) . Some sections were also stained with Periodic acid-Schiff solution (PAS) (Pearse, 1985) . Each juvenile stage was sectioned and examined until evidence of aliment was found inside the lumen of their digestive tracts, the presence of which would indicate the stage at which the parasites would have begun feeding. Graphic reconstructions of the sections of the alimentary canal were done according to the method of Pusey (1939) .
RESULTS

Histology of the Digestive System of Larval Argulus
The digestive tract of A. japonicus first stage larvae consists of the following parts ( Fig. 1) : the proboscis, esophagus (constituting the foregut), anterior midgut (crop), midgut glands (enteral diverticula), posterior midgut and hindgut.
Foregut
The proboscis is short and stout, and is a fusion of the distal ends of the labrum and metastome. The foregut consists of a preoral cavity, an oral cavity with mandibles and tongue, an ascending esophagus and a horizontal esophagus which extends into an esophageal funnel. The entire foregut is lined with compressed cuboidal epithelium possessing large flattened nuclei. The lumen is lined with a thick cuticle. Labial tubules were not observed in the preoral region. Both the preoral and oral cavities possessed longitudinal and circular muscles. Posterior to the mandibles, a tongue is present on the floor of the oral cavity. The glandular cells of the tongue are large and contain cytoplasm which stains deep blue with azan (Fig. 2C) . These gland cells have large nuclei.
There are two pairs of muscles attached to the tongue and consists of the anterior and the posterior tongue muscles (Fig. 2C, D, E) . The anterior Y-shaped tongue muscles are attached obliquely to two separate tendons (Fig. 2C ) located dorsally to the nerve ring. The posterior tongue muscles are attached longitudinally to a common tendon (median tendon), located ventral to the horizontal esophagus. These muscles penetrate through the nerve ring and attach to the tongue (Fig. 2D, E) . The lumen of the proboscis is triangular shaped in the preoral and oral cavities and gradually becomes rounder and narrower towards the ascending esophagus. The inner wall of the ascending esophagus ( Fig. 2B ) is formed by a single layer of large cuboidal shaped epithelial cells lined with cuticle. The epithelium is surrounded by a thin layer of longitudinal muscle. This muscle layer in turn is surrounded by a thick series of circular muscles ( Fig. 2A) . The horizontal esophagus is a narrow tube lined with large epithelial cells with large basal nuclei and a granular cytoplasm. The horizontal esophagus is surrounded by a thin circular muscle layer; and a longitudinal muscle layer was not observed (Fig. 2D, E) . The horizontal esophagus extends into the esophageal funnel (Fig. 2F) , and the esophagus is an extension of the esophageal wall into the lumen of the anterior midgut. The wall of the esophagus folds back on itself and creates an inner and recurrent wall, both of which are lined with cuboidal epithelium covered by cuticle. A thin layer of circular muscle is present between the inner and recurrent walls. The epithelial wall of the inner surface of the anterior midgut in this region is ciliated.
Anterior Midgut
The anterior midgut or crop is composed of a single layer of epithelial cells surrounded by a layer of circular muscle (Fig.  2G ). The epithelial cells of the anterior portion of the anterior midgut swell into the lumen ( Fig. 2G ) whereas those in the posterior portion remain flat (Fig. 3C ). The anterior midgut produces two large branches which expand laterally then diverge anteriorly and posteriorly in the lobes of the carapace. The branches extend throughout the carapace. The anterior branches are simple, not ramified. The posterior branches each have a smaller branch which projects posteriorly in the carapace. The anterior and posterior midgut epithelium contains large granules which stained orange with azan ( Fig. 3B ). These granules cause massive enlargement of the epithelial cells. The granules stained negatively for PAS and therefore are composed mainly of proteins and not mucopolysaccharides, proteoglycans or glycoproteins. Once the yolk is exhausted, the cells are flatter and less distorted. The cells are of a cuboidal type and the nuclei grow exponentially in size. Vacuoles are present within the cells. The nuclei are basally situated with the vacuoles situated dorsally to the former. In some parts of the anterior midgut, the cells are distorted and swell into the lumen.
Enteral Diverticula
The larval diverticula consist of two large arms which originate laterally from the anterior midgut into the carapace. The diverticula extend towards the lateral ends of the carapace and then split into anterior and posterior orientated branches. The anterior branches do not extend into smaller, thinner branches. The posterior branches each have a smaller branch connected to them and these subbranches extend proximally. The epithelial cells of the diverticula are similar in shape and size to the cells of the midgut. Vacuoles are more abundant in the epithelium where the two main branches join the crop (Fig. 2I) . The lumen of the anterior midgut and diverticula is lined with cilia and the anterior midgut is surrounded by a thin layer of circular muscles. The epithelium contains a large number of melanophores. Very large gland cells surround the midgut and the enteral diverticula and these gland cells release their contents into the diverticula (Fig. 3A) . The food of larval argulids consists of what appears to be host mucus and epithelial cells. The mucus stained blue with Heidenhain's Azan.
Transition Zone Between Anterior and Posterior Midgut
The anterior midgut is separated from the posterior midgut by a sphincter or transitional zone. The posterior end of the anterior midgut folds over the dorsal wall of the anterior end of the posterior midgut, giving the incorrect impression that there could be a tube separating the midguts. However, in Argulus the midguts are separated abruptly with a flap of thick tissue. The flap is an incomplete septum which is a downwards extension of the dorsal anterior wall of the posterior midgut.
Posterior Midgut
The vacuoles of the epithelial cells of the posterior midgut are filled with yolk granules. The cells lining the posterior midgut are cuboidal in shape (as in the anterior midgut). Once the larvae start to feed the epithelium of the posterior midgut remains flattened and appears squamous due to the swollen nuclei (Fig. 3D) . Large vacuoles are present in the cells and the surfaces of the cells bear a ciliated brush border. Digested food was observed within the lumen. A thin circular muscle layer surrounds the organ.
Hindgut
The onset of the hindgut is marked by columnar epithelial cells with a thick layer of cuticle on their surfaces (Fig. 3E) . As the hindgut proceeds towards the posterior end, the epithelium fills the entire lumen. At the posterior end, in the region of the undeveloped gonads a conspicuous cell type with large nuclei is present on the dorsal wall of the posterior hindgut (Fig. 3E) . The nuclei fill almost the entire cell and stained bright red with azocarmine indicating the high activity of the cell. The entire midgut is surrounded by a thin layer of circular muscles. The hindgut makes an abrupt turn dorsally and opens out into the anus located between the two furcal rami.
Survival of Larval Argulus
Newly hatched larvae died within a day of hatching if they did not gain access to a host. In most of the larvae observed the yolk is completely depleted within 4 h of hatching, although a small number of second stage larvae contain negligible amounts of yolk. Apparently the yolk observed is probably insufficient for sustaining the juvenile. The parasites start to feed on hosts during the first larval stage, and the epithelial cells undergo conspicuous changes. 
DISCUSSION Comparison Between the Adult and Larval Foregut
Leydig (1850) described the alimentary canal of A. foliaceus larvae as generally similar to that of the adult. Claus (1875) also observed that the digestive system was similar to the adult, and Wilson (1902) cited Claus' findings. Fryer (1956) described the larval alimentary canal of Chonopeltis as a simple tube but did not mention the enteral diverticula. Since the anatomy of Argulus larvae was similar to the adults, previous scientists perhaps thought that the histology would be similar as well, and therefore further research was unwarranted.
Despite the overall commonalities in the anatomy and histology, some differences are present. The foregut is like that of the adult and is composed of flattened cuboidal epithelium lined with a thick cuticle. However, one of the differences between the adult and larvae concerns the mandibles and proboscis. In the larvae the proboscis and mandibles are shorter and smaller than in the adult. Measurements extrapolated from SEM micrographs of the larval proboscis ( Fig. 2A ) of Lutsch and AvenantOldewage (1995) indicated the mandibular blades were approximately 15 lm in length and the length of the proboscis approximately 40-50 lm. However, the epidermis of a cyprinid host is approximately 100 lm in thickness (Yonkos et al., 2000) . The mandibles are situated very close to the entrance of the proboscis and the length of the proboscis influences the depth at which the mandibles are placed in the host tissue. Therefore the short length of the larval proboscis allows the penetration of the epidermis but not the dermis where the blood vessels are situated and may explain the absence of blood cells in the midgut lumen. This may also indicate that the larvae are only able to cause superficial damage to their hosts.
Comparison Between the Adult and Larval Midgut
and Enteral Diverticula The epithelium of the enteral diverticula of the larvae is similar to the adult and is composed of a ciliated cuboidal type. However, the enteral diverticula of the larvae are less ramified when compared to the adult (Wilson, 1902; Tokioka, 1936; Meehan, 1940; Stammer, 1959) and because they occupy a smaller surface area in the carapace perhaps the diverticula are far less efficient in digestion and absorption. Thorell (1864) reported that in A. purpureus the main diverticula extends further into inner and outer branches whereas A. foliaceus extends sub-branches only on the outer side. From the reconstructed figure of the adult A. japonicus digestive system (Baker and AvenantOldewage, 1990) , it seems the thinner sub-branches are portrayed extending inwards and outwards within the carapace. The lack of thickness of the carapace restricts the development of branches forming dorsally and ventrally to the main branches. The simpler ramification of the diverticula may reduce the efficiency of digestion and absorption in the midgut. Overstreet et al. (1993) mentions that in some branchiuran species the cells of the midgut diverticula are not lined with cilia. In this study, however, the cuboidal epithelium in the larval diverticula is lined with cilia.
The anterior and posterior midguts are separated by a sphincter or transition zone. This sphincter was also observed in the adult by previous authors such as Grobben (1908) , Martin (1932) and Debaisieux (1953) . The sphincter is generally similar in the larvae and in the adult. In adult branchiurans such as Dolops ranarum (Avenant-Oldewage and Van As, 1990) a narrow isthmus is formed between the anterior and posterior midgut. In Chonopeltis an Sshaped tube separates the midguts (Avenant-Oldewage et al., 1994) .
Comparison Between the Adult and Larval Posterior Midgut
The main difference between the histology of the larval and adult alimentary canals involves the posterior midgut. Previous researchers, (Leydig, 1850; Grobben, 1908; Martin, 1932; Debaisieux, 1953; Madsen, 1964; AvenantOldewage and Van As, 1990; Avenant-Oldewage et al., 1994) showed histologically that the epithelium of the posterior midgut of adult branchiurans consists of cuboidal epithelium interdispersed with large papilliform cells. In Chonopeltis australis, the cuboidal epithelium of the posterior midgut is replaced with tall columnar epithelium. The height of these cells indicates that the cells are heavily involved in digestion and absorption of nutrients (Avenant-Oldewage et al., 1994) . The papilliform cells of C. australis fill up almost the entire lumen of the gut (AvenantOldewage et al., 1994) . Grobben (1908) conducted a histological study on the digestive system of A. foliaceus. He noted the large papillated cells and stated these cells were perhaps used to ferment digested food (''fermentzellen''). Grobben (1908) also noted the granular appearance of the vacuoles. Studies on the function of the papillated cells in the adult branchiuran midgut have not been conducted. However, other researchers have found similar cells in other crustacean species. Briggs (1977) conducted transmission electron microscopy (TEM) on a crustacean species called, Paranthessius anemoniae, and found similar papilliform cells in the midgut. According to Briggs (1977) the columnar cells are involved in the absorption of nutrients whereas the papilliform cells are involved in phagocytosis. Overstreet et al. (1993) suggested that the columnar and papillated cells in the adult branchiuran midgut could function in similar ways. Briggs (1977) observed these cells in P. anemoniae actively taking in digested material and suggested these cells have a secretory function. He also noticed that when P. anemoniae was starved the papilliform cells decreased in size. AvenantOldewage et al. (1994) observed a similar result in the posterior midgut of C. australis when specimens collected were starved of food. The lifestage in which the papilliform cells develop in branchiurans is not known. The papillated cells cover a larger surface area and perhaps are better at absorbing nourishment for larger adult parasites. In contrast, the larval midgut is lined with ciliated cuboidal epithelium. The smaller surface area that these cells occupy could diminish the efficiency at which the posterior midgut absorbs digested food. Even in the second stage juvenile (Tokioka, 1936) or third stage juvenile (Stammer, 1959) , cuboidal epithelium persists in the posterior midgut and papillated cells were not observed. The cuboidal epithelium could be sufficient enough in sustaining the young larvae by digesting and absorbing mucus and other food particles only. This suggestion perhaps correlates with the information of Bower-Shore (1940) , who observed the larvae of A. foliaceus congregating on areas of the fish with the most mucus. Since TEM has not been conducted on the digestive cells of both the adult and larval branchiuran digestive systems a comparison between the functions of the cells was not possible.
Comparison Between the Adult and Larval Hindgut The hindgut is a relatively uncomplicated organ (Dall and Moriaty, 1983) consisting of a simple tube composed of columnar epithelium lined with a thick cuticle. In Argulus larvae, the hindgut is similar to that of the adult. Furthermore, a large cell is present on the dorsal wall of the posterior hindgut. The cell is relatively much larger than the surrounding cells and possesses a large active nucleus which occupies almost the entire cell. Whether this type of cell is present in the adults is unknown.
Yolk and Parasitism in Branchiuran Larvae
In some of the crustacean species studied, yolk granules were present in the midgut of the larval stages. Walley and Rees (1969) studied the larval development of Balanus balanoides and found remnants of yolk in the epithelial cells of the midgut. They also found the lumina of the fore-and hindguts closed and underdeveloped. They concluded the larvae were not able to feed. Anderson (1969) studied the embryological development of the cirripedes, Tetraclita purpurascens, Chthamalus antennatusa, and Chamaesipho columnar and noticed that feeding did not occur until the larvae reached the third naupliar stage. Benedetti et al. (1992) investigated the gut development of the parasitic copepod Lernaea cyprinacea. They found yolk present in the third naupliar stage and the midgut not fully developed. Thus some crustacean species seem to survive on their yolk supplies without taking in food. Argulus is not an exception and authors such as Leydig (1850) , Claus (1875) and Wilson (1902) observed the presence of yolk in the digestive system of argulid nauplii. However, the length of time taken for the depletion of the yolk supply is unknown. Previous researchers such as Shimura (1981) reported newly hatched larvae of A. coregoni fed on host mucus but did not mention whether they could survive a short length of time without a host. Bouchet (1985) reported that larva of the species A. varians was also parasitic after hatching. However, neither of the authors mentioned anything about yolk in the two species. Wilson (1902) , Meehan, 1940 , Fryer (1956 and Shimura (1981) stated species of Argulus can be divided roughly into two categories depending on the type of larvae that is produced. Some species produce a naupliar type larva whereas other species produce a more developed ''juvenile'' larva resembling the adult. The juvenile type larvae spend a longer period embryonating inside the egg. Thomas (1961) investigated A. puthenveliensis, a species which produces the juvenile adult type larva and reported they immediately attach themselves to a host after hatching. Perhaps the ''juvenile'' type larvae exhaust their yolk supply while still in the egg and hatch with the need to feed immediately. The three species including A. foliaceus, A. japonicus, and A. coregoni produce naupliar larvae which are difficult to distinguish morphologically (Rushton-Mellor, 1994) . The yolk in the larval midgut of A. japonicus was depleted within 4 hrs of hatching and the larvae needed to start feeding within one day in our investigations. However, Bauer (1962) reported A. foliaceus newly hatched larvae are able to survive 2-3 days without a host. Kollatsch (1959) also noted the larvae of A. foliaceus die within a few days if a host is not located in time. Taking into consideration the three abovementioned species are closely related (similar morphologies and lifestages) the larvae of these species would be expected to deplete their yolk supplies within a similar length of time.
Other authors who reported branchiuran larvae feeding during their first stages include Fryer (1961) who reported larvae of Chonopeltis feeding on host tissue during the earliest stages. Fryer (1956) investigated the newly hatched larvae of Chonopeltis and found they could survive eight days without a host. In the same paper it is mentioned their eventual death may have been caused by either the inability to find the correct food, or due to the drop in nocturnal temperatures at Lake Nyasa. Fryer (1961) noted that Chonopeltis larvae are far less mobile than their Argulus counterparts (Fryer, 1961) . This disadvantage makes the location of hosts far more difficult. One possibility could be that Chonopeltis larvae have a larger amount of yolk in their midguts to compensate for their disadvantage or as Fryer speculated, that the larvae have evolved to feed on non-host materials temporarily until a host is found.
Comparison between the larval and adult digestive systems of Argulus yields many morphological and histological similarities. The larvae need to feed on host tissues within a day and they feed mainly on mucus and epithelial cells. There is however, a major difference in the histology of the posterior midgut of the larvae and the adult. This difference is thought to decrease the digestive and absorptive capabilities of larvae.
